The present study investigates the optical characteristics and the spectral and angular responses of a Kretschmann surface plasmon resonance (SPR) sensor configuration that is widely used in biological and chemical sensing applications. In order to examine the influence of wave interference and optical properties of thin films on angular variation of reflectance at different incident angles, the Kretschmann SPR configurations made of gold films with 30, 52, and 70 nm thicknesses were fabricated and the reflectance was detected using a 633 nm He-Ne laser, -2 rotation stages, and a silicon pin photo-detector. In particular, this study involved the numerical analysis of angular and spectral variation of reflectance estimated using the characteristic transmission matrix (CTM) method. It was found that the SPR sensitivity became highly dependent on the gold film thickness, indicating that in the thinner gold film case, the reflectance was recovered slowly after the SPR angle, whereas as the gold film thickness increased, the magnitude difference between the maximum and the minimum reflectance measured near the SPR angle was smaller than in other cases. From the numerical analysis, it was shown that the phase shift is the most sensitive physical parameter for SPR sensor by comparing estimated FWHM values of reflectance, phase shift, and enhancement of magnetic field intensity. Therefore, it was concluded that an appropriate metal thickness of around 50 nm was found for higher sensitivity. Keywords: Kretschmann surface plasmon resonance (SPR) sensor, characteristic transmission matrix (CTM) method, full width at half maximum (FWHM), phase shift, enhancement of magnetic field intensity
Introduction
Surface plasmon resonance (SPR) has been an essential technique in chemical and bio-sensing for many years. 1) Originally, the SPR sensor was developed to measure CO 2 and O 2 concentration and it was used to determine refractive indices of materials and to investigate the absorption and transmission characteristics of analyte, etc. [2] [3] [4] [5] [6] SPR sensing has many advantages such as high sensitivity, and can be possible in situ label free measurement. There are three methods for the excitation of surface plasmons (SPs): prism coupling, grating coupling, and waveguide coupling. SPs are collective oscillations of free electrons in metallic films such as gold, silver, and aluminum. In the late 1970s, SPs were first employed for the characterization of thin films and the study of processes at metal boundaries. 7) Most researchers utilized gold for the metal layer because of high chemical stability and high sensing resolution. Despite the highest resolution and sensitivity in sensing, silver cannot be used for SPR sensor because of the chemical instability of the surface. 8) Because the sensing sensitivity of an SPR sensor also depends on the metal thickness, many researchers studied on the influence of metal film thickness for SPR sensors 9, 10) in order to find the optimum thickness for achieving highest sensitivity. Instead of measuring reflectance, attempts have been made to use phase shift in measuring SPR angle and SPR wavelength. [11] [12] [13] Other possibilities to measure the magnitude of magnetic field on SPR sensors include magneto-resistive magnetometers, Hall devices, and magneto-optic imagers. [14] [15] [16] [17] Thus, the present study investigates experimentally the optical characteristics of the Kretschmann configuration to analyze the SPR sensitivity which substantially depends on film thickness, and it also conducts numerical simulation for practical six-layer SPR sensors with different gold thicknesses with the use of the characteristic transmission matrix (CTM) method. For Kretschmann geometry with a single gold film of 30, 52, and 70 nm thickness, scattering intensities were measured to determine the optimum film thickness. In particular, this article examined the influence of incident angle on a wavelength modulation SPR sensor, and compared the full-width at half-maximum (FWHM) values of the reflectance, the phase shift and the enhancement of magnetic field intensity while acquiring the most sensitive sensing value for the SPR sensor.
Theoretical Background
2.1 Surface plasmon resonance and Kretschmann configuration The SPR phenomenon is the excitation by totally reflected TM (transverse magnetic) light at a metal-coated interface of Kretschmann configuration when the wave vector of the incident light in the plane of the surface (k x ) matches the wave vector of the surface plasmon wave (SPW) in metallic films (k sp ), as derived from Maxwell's equation. Figure 1 illustrates the Kretschmann SPR configuration used in our numerical simulation and experiment. The wave vectors of the incident light and the SPW in the metallic films are expressed as 1) 
where " d , " m , and n p represent a complex dielectric constant of dielectrics, a complex dielectric constant of metal, and a refractive index of the prism, respectively, and ! denotes the wavelength of incident light. The matching relationship, including the complex dielectric constant of metal " m and the resonant angle sp , can be expressed as follows:
In resonant mode, the reflectance and the phase shift of incident light change significantly. These changes are closely associated with film thickness and the optical constant of the metal layer, such as the reflective index n and the extinction coefficient k of an SPR configuration, as shown in Fig. 1 . Therefore, it is meaningful to study the influence of the type of metal and thickness on the accuracy and resolution analysis of an SPR sensor.
Characteristic transmission matrix (CTM) method
For the multilayers, as in the Kretschmann configuration, there are three ways to derive an expression for radiative properties such as reflectance and transmittance of thin films: the field tracing method, the resultant wave method, and the transfer matrix method. The field tracing method is intuitive but cumbersome, whereas the transfer matrix method can be easily extended to multilayers. Thus, we used the transfer matrix method to investigate the optical characteristics of multilayers with gold film thickness comparable to the wavelength of incident light, thereby resulting in wave interference. Figure 2 shows the six-layer Kretschmann SPR sensor configuration. As noted previously, the transfer matrix method was used in our simulation. 17) Figure 3 shows a schematic of a multi-layer structure where the m-th layer of thickness d m has a complex refractive index,ñ n m ¼ n m À ik m , and the interference matrix of the m-th layer can be expressed by
where m and q m are defined as ð2%=!Þñ n m d m cos m and n n m cos m , respectively. In addition,ñ n m means the complex refractive index of the m-th layer. The power of the matrix method can best be appreciated when dealing with multiple layers of thin films. We related the electric and magnetic fields inside the m-th layer at both interfaces to the interference matrix M m for that layer. Since the transverse components of the electric and magnetic fields are continuous at each interface that is free of net charge and current, the total interference matrix of the whole multilayer structure was obtained using eq. (5) . From the preceding matrix, we obtained the reflection and transmittance coefficients r and t through the films as follows:
r ¼ ½Mð1; 1Þ þ Mð1; 2Þñ n m ñ n a À ½Mð2; 1Þ þ Mð2; 2Þñ n m ½Mð1; 1Þ þ Mð1; 2Þñ n m ñ n a þ ½Mð2; 1Þ þ Mð2; 2Þñ n m ð6Þ
whereñ n a indicates the complex refractive index of air (incident layer). Then, the total reflectance R, transmittance T, phase È, and the enhancement of magnetic field intensity can be obtained as: R ¼ jrj
The optical properties of a BK-7 glass prism, chromium film, index matching gel, gold film, and air are listed in Table 1 . 18, 19) We applied the 633 nm wavelength incident light to an angular modulation SPR. The thickness of the prism was fixed at 25 mm. The optical properties of materials used in the present simulation are listed in Table 1 and the present study calculated the optical properties of several materials in the wavelength range from 200 nm to 1,500 nm by using the Akima spline interpolation method. 20) 
Experimental Configuration and Measurement Technique
For manufacturing conventional Kretschmann multilayer structures, 5-nm-chromium film was first sputtered on the surface of Pyrex 7740 glass to resolve the adhesion problem of gold film to the glass substrate and then gold films with different thicknesses were metalized in a sputtering system (MHS-1500A). Figure 4 shows an SEM image of a SPR chip with gold sputtered on glass to a thickness of 52 nm. Finally, BK 7 prism and metal-coated Pyrex 7740 glass were connected using index matching gel. Figure 5 illustrates the experimental apparatus for a SPR sensor. Incident light of 633 nm from 15 mW He-Ne lasers (Melles Griot) was TM polarized while passing the ppolarizer, and then excited the surface plasmons by approaching the gold film surface of the SPR sensor. To vary the incidence angle, we used a -2 motorized rotation stage (Sigma Koki) and a two-axis stepping motor drive controller with 0.25 at each step. In addition, we used several filters and lenses to achieve greater sensitivity. A neutral density (ND) filter was used to reduce the power of the incident light because very high intensity light cannot be detected by the photo detector. A plano-convex lens was used to collimate light to a spot on the SPR surface. The intensity of reflected light after the SPR sensor was measured with a silicon pin photodetector (Electro-Optics Technology) Using a beam splitter, we measured the reflectance of incident light. For comparison with numerical results, SPR signals were acquired for three SPR sensor chips with different gold film thicknesses of 30, 52, and 70 nm. 
Results and Discussion
The CTM method was used to calculate the reflectance of an angular modulation Kretschmann SPR sensor with gold film thickness variations. From numerical results in the range from 30 to 70 nm with 1 nm increment, Fig. 6 presents the estimated reflectance with respect to the incidence angle. In 30 nm gold film case, a minimum value of reflectance can be observed near the SPR angle of 45. 4 approximately. The maximum reflectance decreases with the increase in gold film thickness, whereas the reflectance recovery becomes faster. Based on the numerical results, it is confirmed that the gold film thickness is a critical parameter for achieving high sensitivity of the SPR sensor, and the angular sharpness of reflectance should be considered to find the appropriate gold film thickness because a sharper curve indicates that the sensitivity is increasing.
With the practical Kretschmann SPR configuration shown in Fig. 5 , we conducted the experiments for three SPR sensor cases with gold film thicknesses of 30, 52, and 70 nm. In each case, the experiment was repeated three times. Figure 7 gives the experimental results for reflectance and a comparison of the numerical results for each case. Consequently, we obtained good agreement between numerical and experimental data, and concluded that the gold film thickness of around 50 nm would be advisable for SPR sensor. In our experiments, we used a 52-nm-gild film thickness for measurement and simulation.
As mentioned previously, a SPW is excited by the incident light, and the interaction of a light wave with a SPW can alter optical characteristics such as reflectance, phase shift, and electromagnetic (EM) field. In SPR mode, the reflectance of incident light decreased. The phase of incident light is defined the argument of real part of reflectance. Accordingly, the changing of reflectance directly affects the phase of incident light. Moreover, the evanescent wave propagates parallel to a metal surface in resonant mode. The EM field changes significantly due to the interaction between light and a SPW. We compared the sensitivity of reflectance, phase shift, and enhancement of magnetic field intensity by evaluating the FWHM values of practical Kretschmann SPR configuration. The FWHM is an expression of the extent of a function, given by the difference by the difference between two extreme values of independent variables at which the dependent variable is equal to half of its maximum value, and it has been commonly used to describe the width and the sharpness of functions or acquired data. In the SPR sensor, higher sensitivity can be attained with sharper shapes, suggesting faster recovery. The FWHM of reflectance in the SPR curves is 1.05, and the other values are summarized in Table 2 . As a result, the FWHM of reflectance is greater than that of the enhancement of magnetic field intensity and phase shift. The small FWHM value means high sensitivity of the SPR sensor. In Fig. 8 , the enhancement of magnetic field intensity and the phase shift of the angular modulation SPR sensor were presented and a drastic change of phase shift near a SPR angle was observed. Thus, it was thought that one might characterize the SPR sensor sensitivity through the measurement of a phase shift.
The effect of gold metal film thickness on wavelength modulation SPR was examined. Figure 9 shows the reflectance of a wavelength modulation Kretschmann SPR sensor with gold film thickness variation at an incidence angle of
43
. The SPR wavelength decreased slightly when the metal film thickness increased. It was concluded that the SPR wavelength was independent of the metal film thickness.
In the wavelength modulation SPR method, many researchers generally set the incidence angle to an arbitrary value because SPR occurs when the incidence angle is just above the critical angle c to achieve total internal reflection (TIR). For more sensitive SPR sensing, it is important to examine the effect of incidence angle on wavelengthdependent SPR signals. Therefore, the incidence angle was varied from 40 ( c % 42 ) to 90 by 0.1 increments for the practical Kretschmann SPR sensor configuration shown in Fig. 2 . Figure 10 shows the reflectance of the SPR sensor for incidence angles of 42 , 43 , 45 , and 47 . For the 43 incidence angle case, the reflectance was sharper than in other cases. We can suggest the best incidence angle for maximum SPR sensing sensitivity with the minimum reflectance for each case. Figure 11 represents the minimum reflectance of each incidence angle to the wavelength modulation SPR sensor. We determined that 42.6 is the best incidence angle for a sensitive practical Kretschmann wavelength modulation SPR sensor. ig. 10 Calculated spectral effects of incidence angle on reflectance for the case of 52 nm film thickness.
Conclusions
We investigated the angular and spectral responses of SPR sensing characteristics using numerical and experimental approaches. For the six-layer practical Kretschmann SPR sensors with different gold film thicknesses (from 30 to 70 nm), numerical simulation was first conducted by using the CTM model, and the angular response of reflectance was measured. The predicted and measured data were in good agreement, and considering the sharpness and the recovery rate of reflectance near a SPR angle, a thickness of around 50 nm gave relatively high sensitivity for the angular practical Kretschmann SPR sensor. By comparing the predicted FWHM values of reflectance, phase shift, and enhancement of magnetic field intensity, we also found that the phase shift was the most sensitive physical parameter for the SPR sensor, indicating that one can characterize the SPR sensor sensitivity through the measurement of a phase shift. Moreover, we simulated the wavelength modulation for SPR sensors and determined that 42. 6 is the best incidence angle for the most sensitive practical Kretschmann wavelength modulation SPR sensor. However, the resonance wavelength differed significantly for each incidence angle, and we need more considerations to suitable incidence angle for SPR sensor working wavelength of SPR sensor.
Incidence Angle, θ/°4 Minimum Reflectance (%) Fig. 11 Calculated minimum reflectance of wavelength modulation SPR sensor in several incidence angles (42 -50 with 0.1 increment for 52 nm film thickness).
